Abstract: This paper considers the main principles and technologies used in developing the operational modeling system for the Ussuri River Basin of 24,400 km 2 based on the automated system of hydrological monitoring and data management (ASHM), the physical-mathematical model with distributed parameters ECOMAG (ECOlogical Model for Applied Geophysics) and the numerical mesoscale atmosphere model WRF (Weather Research and Forecasting Model). The system is designed as a freely combined tool that allows flexible changing of the forecasting and informational components. The technology of inter-model and cross-platform interoperability is based on the use of the Simple Object Access Protocol (SOAP) web services and the Open Geospatial Consortium Open Modelling Interface (OGC OpenMI) standard. The system demonstrates good performance in short-term forecast of rainfall floods and reproduces complex spatio-temporal structure for the runoff formation during extreme rainfall.
Introduction
Flood forecasting is one of several key components in flood protection systems worldwide. According to the Sendai Framework Program for Disaster Risk Reduction adopted by the Third UN World Conference on Disaster Risk Reduction (WSCRR) in 2015, it is necessary to improve the monitoring systems and better understand various types of threats, as well as enhance the forecasting and early warning systems. This should increase the awareness of responding agencies and the general population.
State-of-the-art hydrological forecasting systems are meant to provide the maximum lead time with sufficient accuracy in order for the users to take the appropriate action for hazard mitigation or optimize water use strategy. A common structure of such system includes data management blocks, modelling resources, GIS tools and more. It is crucial for the operation that the most accurate data are used. Both data-rich and data-poor national hydrometeorological services struggle with retrieving, quality controlling, infilling, formatting, archiving and redistributing data [1] . Robust algorithms are required to overcome the data processing and preparation issues.
Case Study
The upper part of the Ussuri River Basin to the Kirovsky gaging station with an area of 24,400 km 2 was chosen for the case study. The length of the river from the headwaters is 240 km and the average slope is 5.1%. The river basin has a contrasting relief: in its southern and eastern parts mountains predominate while lowlands prevail in the northwest. The Ussuri upstream river is located among the mountain ranges of the Central Sikhote Alin, which are a region of Mesozoic folding. The relief varies since some mountains have rounded and flat peaks with a height of 700-1500 m (the highest point is 1854 m) while other parts have low-hill terrain and rivers valleys. Intermountain depressions are often located near the main divide. The bottom of the depressions is usually occupied by swampy river valleys. The Ussuri River and its main stream tributaries flow mostly in the intermontane hollows [18] .
The basin is mainly composed of Mesozoic aqueous and metamorphic rocks (malmrock, siltstones, argillites, etc.) breached by numerous granitoids intrusions. In mountainous areas, the eluvium and eluvium-talus of dense rocks are soil-forming rocks. The eluvium has the usual loose structure, as a result of which the atmospheric precipitation exudes freely through its rock mass. Only on extensive basaltic plateaus, the infiltration of water is difficult due to the fine-textured basalts eluvium. Within the plains, the soil forms on alluvial sediments represented mainly by clays with a high content of silts. In the river valleys, the alluvial sediments, which consist of sandy gravel, fine sandy loams, argil sand grounds and clay, are the soil-forming rocks [19] .
The space distribution of soil and vegetation is highly susceptible to altitudinal zones. The mountain-tundra soils and suffruticose vegetation type refer to the highest points. In the east and southeast of the basin, the mountain brown-taiga soils and mountain podzol soils on which coniferous forests grow are observed in the mountain areas. In the southwest, the brown-taiga soil of spruce-cedar-hemlock forests are visible. The largest area of the Ussuri Basin is occupied by mountain-forest brown soils of mixed coniferous-broad leaved forests and brown forest soils of hillocky area [20] .
The climate of the basin is determined by its position near the Pacific coast and by the monsoon character of the atmospheric circulation. The basin moisture regime is extremely unstable over an annual and long-term period. The summer is warm and damp while the winter is cold and dry. The average temperature in August is +21 • C while the average temperature is −20 • C in January. The mountainous part of the basin receives up to 1,000 mm of precipitation while the plain sees 600-700 mm rainfall annually. Precipitation occurs mainly in the summer. The river feeding is mainly precipitative: more than 80% of the annual runoff occurs in the period between April and September while the winter low-flow accounts only for 2%-5% of total annual runoff. Flash floods prevail in the rivers hydrological regime and can occur during the entire period from May to October. Usually in July-September, the basin is affected by typhoons (one to three per year) which lead to a sharp rise in water levels and flooding of river valleys, leading to great societal and economic damage [21] .
Materials and Methods

Information-Modeling Complex (IMC) ECOMAG
The spatially-distributed ECOMAG Model (ECOlogical Model for Applied Geophysics) described the process of runoff generation [22] . The model was tested on a number of river basins in various physiographic conditions and spatial scales. The model also showed efficiency in both hydrograph modelling at different gages and simulation of the fields of hydrological variables, such as soil moisture, snow water storage and runoff yield in large river basins. The ECOMAG model describes the main processes of the hydrological cycle in snowmelt and rain-fed river basins: Snow cover accumulation and melting, water infiltration into soil and evaporation, thermal and water regime of soil taking into account it's freezing and thawing and overland, vadose, ground and stream flow.
The spatial structure of the ECOMAG model computational network is composed from the natural stream network, the basin's morphometry and landscape characteristics. Taking into account the basin's topography, river network structure, soil, vegetation and land use types and spatial variability of hydrometeological forcing, the river basin is subdivided into sub-basins of relevant size. The main ECOMAG model equations describe the processes of the hydrological cycle for each of the delineated sub-basins. These are the ordinary differential equations derived from the detailed physical-mathematical models [23] either by spatial integration or by discarding the secondary members, which have some impact on the hydrological processes in the basin. Several equations are taken from lumped models in order to reasonably match the selected spatio-temporal scales of the described processes.
The basin's hydrological regime modelling is divided into two main routines: the effective runoff generation within the sub-basin and the subsequent runoff transformation by the river system. The ECOMAG model vertical layers structure (as seen in Figure 1 ) for effective runoff generation is set up according to the following scheme of the accounted processes. During the warm period, the liquid precipitation is partially infiltrated into the soil. Water surplus, after filling the local depressions, moves down the basin's slope into the river network. Part of the infiltrated water may also be subjected to lateral movement over the slope of the partially impermeable surface. The water that has not been infiltrated or captured by the river network either evaporates or percolates into the deep ground layers. During the cold part of the year, the described scheme is extended by taking into account the hydrothermic processes in the soil and snowpack (snow cover build-up and melt, soil freezing and thawing and infiltration into the frozen soil). For each of the sub-basins the modelling is divided into four layers: topsoil (horizon A), subsoil (horizon B), ground water storage and overland flow. The snow storage is added during the cold period. For each of the sub-basins the modelling is divided into four layers: Topsoil (horizon A), subsoil (horizon B), ground water storage and overland flow. The snow storage is added during the cold period. The model was driven by daily precipitation amounts, mean daily air temperature and humidity values that were input at weather station locations from the observed time-series or taken from global climate or reanalysis models.
The ECOMAG calibration procedure is described in detail by Gelfan et al. [24] . Here, we emphasize the two issues concerning this procedure. First, the values of several key parameters pre-assigned from literature or from the available measurements were considered as the initial approximations of the optimal values and the latter were sought within the neighborhood of the initial, pre-assigned values. Second, during the calibration process, the ratios between the initial values of the distributed parameter corresponding to different soils, landscapes and vegetation are preserved. The Nash and Sutcliffe efficiency criterion NSE [25] was adopted to represent the goodness of fit of the simulated and measured variables.
The Automated Hydrological Monitoring System (ASHM)
The ASHM was created due to the modernization and development of the hydrological and meteorological observation network and the hydrological forecasting system in the Amur River Basin after the catastrophic flood of 2013. It is based on the generalizing the international experience when creating the software for the control of hydro-meteorological data of various types and resolutions [14] . Common data types for the system are air temperature, precipitation amount, vapor pressure, wind speed, snow water equivalent, water stage, streamflow discharge and ice cover thickness. However, the ASHM is suitable for storing any type of data including observations and model output results. Conceptually, the monitoring system is organized as a collection of data sources, metadata and analysis tools united via web-services including local and controlling servers. The local servers' network is organized on a territorial or basin basis to support the data collection and storage. The controlling servers ensure the accuracy and consistency of the metadata among the local servers' database and allow the local servers information integration to interact with external systems and users.
The basis of the ASHM local instances is composed by the modules for receiving, processing and storing the information coming from various sources including measurements quality control, data visualization and presentation (as seen in Figure 2 ). The ASHM local software package is divided into client and server parts. The server part consists of the database, processing services and automatic data control modules. The client part of the ASHM with the graphical user interface provides data viewing, editing and critical controlling, generation of reports and bulletins of various forms and data importing and exporting to widely used formats (DBF, PDF, ASCII, etc.). The structure of the CUAHSI ODM (Observation Data Model) database [23] was used as the prototype of the metadata scheme. The tests showed that, from the technical point of view, this database structure corresponded to the established norms of all data and information types storage in the framework of hydrological monitoring [14] . To improve functionality, the CUAHSI ODM scheme was supplemented with the ability to store the incoming messages (text and other files), the data value changes history and to provide the data accompanying descriptions, the forecast information metadata and other practical daily activities instrumentation.
To facilitate the operational activity of the spatially distributed hydrological models, the ASHM possesses important properties like the observational network data quality monitoring, automatic data aggregation, the ability to represent all types of measurements and consistent calculation and forecast results using the metadata scheme. The web-service of the database access ensures data integrity and cross-platform interaction. With the open modeling standard, OGC OpenMI, the ASHM can be easily integrated with most well-known modern modeling and forecasting systems (DHI, Deltares, etc.).
The ECOMAG Operational Scheme
The ASHM-ECOMAG integration is based on the OGC OpenMI 2.0 (.NET wrapper) and web-service technologies. The data exchange is organized in a two-level scheme (as seen in Figure 3 ). The first level provides the external interaction between all components of the integrated system using the OpenMI standard. Regardless of their roles, all the units of the system implement the basic, standard interface and can be combined according to the plug and play principle while also exchanging data during the runtime. The second level of integration through OpenMI wrapped SOAP web-services and the DAL (data access layer) library provides the cross-platform interaction for operation with the distributed ASHM data storage system. Thus, this software architecture enables external control during runtime progress under observance of the data integrity condition. The system was determined by connecting the input/output exchange items of the ECOMAG and ASMH models OpenMI components. Data exchange items for each model variable of both components use the same configuration of the meteorological stations and river gaging stations. Unique identification codes of the stations are used during the data transfer between components. The ECOMAG model uses three input items for precipitation, air temperature and dew point temperature and one output item to transfer the calculated streamflow discharges at the gaging stations to the ASMH. The information that is used to create real-time measurements of the components (assembly and classes) and fill it with data is contained in the OMI files stored as extensible markup language (XML) files that match the OpenMI XSD scheme.
Operational activity of the integrated forecasting system is controlled by the ECOMAG model which started daily from the so-called checkpoint-the date on which the model saves the status at the end of the operation. In the operation mode, the ECOMAG with the help of its active OpenMI connections requests the observation data and the meteorological elements forecast (daily rainfall, average values of saturation deficit and air temperature) to predict water discharge. ECOMAG transmits to the ASHM the physical description of the requested values including a set of spatial elements and time. According to the OpenMI standard at the level of the data Exchange Items (communication port), the description of the variables was made in accordance with the international SI system. When accessing the database web-service, the SI units were reduced to the terms of the ASHM database dictionaries.
The ASHM for each data Exchange Item made it possible to specify the "queue" of providers (reading) or consumers (record) of data with each of them related to the specific web-service (the database of the local ASHM instance). With a partial lack of data from the priority source, the serial search at other suppliers (the local ASHM instances) was performed. Using the OpenMI technology and SOAP, the ECOMAG output data was sent to several ASHM instances at once.
In order to configure the operational activity of the ASHM local instances, the terms of the metadata CUAHSI ODM dictionaries were used. The sampling from the database was organized by setting the observational data and prognostic information sources of origin (organization or individual) as a priority. Additionally, in the search for metadata, the method of measurement/calculation can be specified. In case of measurement unit inconsistency in the description of the OpenMI exchange item and the ASHM variable, the component performed the data aggregation. All the metadata required to customize the operation of the component was obtained via the ASHM web-service.
As a rule, in the database, for the same date and for the same point, there are several forecast values associated with different forecast release dates and lead times. The component returns values for which the difference between the date of the initial conditions actuality and the date of calculation actuality is minimal. The observation data at meteorological stations are combined with the forecast information in accordance with the suppliers (the ASHM instances) and sources (organizations) priorities specified in the configuration. In the absence of the required meteorological forecast data, ASHM makes an attempt to import them directly from the GRIB-files of WRF's calculated near-surface meteorological characteristics.
The forecast water discharge values were entered into the ECOMAG output ports, which buffered the calculation results and provided data on the local and channel stream tributaries at any point (or section) of the channel network. By default, any forecast in the ASHM database scheme was produced but in the degenerate case, it can have a unified implementation. The initial data of observations including the meteorological and hydrological forecast were visualized and disseminated to consumers by the ASHM means.
Since the ECOMAG model accepts only meteorological data, its operation does not depend on the possible damage of the gaging station equipment during flood events. However, the evaluation of system operational applicability was designed to test system reliability against an assumption of incomplete, delayed, duplicative, or unreliable weather (observation and forecasts) input data.
The Inverse Distance Weighted interpolation method is used to interpolate the data between the weather station and the centroids of the model sub-basins. The algorithm ignores the stations that did not provide the data (signed as "missing" in the OpenMI input exchange item). The AHMS selects only the maximum QC valued data from the DB by default. Doubtful or duplicative values applied after quality control routines received high QC level but the compromised data values did not contaminate new model run results. To mitigate the possible data latency due to lineout, glitch, or other network equipment malfunction, model runs can be scheduled to preserve its initial state for subsequent re-runs given the latency time. Thus, if the renewed, corrected, or missing data are received during the latency time, it can be used by the model for forecast generation.
Results and Discussion
Forecasting Scheme Performance Assessment Methodology
The model spatial schematization of the river basin and its channel network was created using the ECOMAG-extension technology (as seen in Figure 4) . The DEM SRTM with a resolution of 80 m × 80 m and specially developed for this basin [20] digital soil and landscape maps with a scale of 1:100,000 were used to schematize the basin and assign the model parameters. At the basin model schematization, about 800 partial catchments were selected with an average area of about 30 km 2 .
The years with outstanding summer-autumn rainfall floods and with the availability of sufficiently complete archives of meteorological observations data were selected for calibrating and testing the model. According to these criteria, we selected 1989, 1990 and 1994 as the parameter calibration sample. 2013 and 2016 were used for verification purposes because the WRF forecasts were available for these years. Most of the ECOMAG model parameters were specified from the database of soils, vegetation and river basin characteristics. Some of the key parameters were determined by manually calibrating the model using the Nash-Sutcliffe efficiency (NSE) criterion [22, 24, 25] simultaneously in several basin monitoring points with various weighted averages and estimated integration for a group of stations. The weighted NSE value of the developed model for the calibration sample has exceeded 0.80.
For calibration and verification periods, the continuous data on daily discharges for 11 gaging stations distributed throughout the basin were collected (as seen in Figure 4b ). During the calibration of the forecasting scheme, the forecasts were calculated by taking the observed meteorological data at the station locations, transformed into precipitation grades (weak, medium, strong and very strong), in which was based on the Primorsky Hydrometeorological Centre operational practice. Thus, a hydrological forecasting scheme was implemented by taking the perfect meteorological forecast from the stations. The most recent years with high rainfall floods were used for the forecast model testing for which the archives of the WRF model forecast fields with meteorological characteristics were available, as well as the data archives of the weather stations. The forecasts for these years were made by taking the observed precipitation grades and the modelled precipitation from the WRF model and verified against the observations. In the adopted scheme, the ECOMAG model calculated the streamflow forecast for a three-day lead-time based on the predicted data of the WRF atmosphere model with the same lead-time. The calculations were carried out only for the summer-autumn period (June-October) of each year. For the prior configuration of the model a few months before the forecast issue date, the calculation was made according to data behind meteorological observations. Then the forecast meteorological WRF information was used for calculating the lead time period.
When using physically based models for a short-term hydrological forecast, it is reasonable to use the post-processing (statistical adjustment) to the output modelling data, which can significantly improve the quality of practical forecasts. We used the correcting relationships in the form of a multidimensional linear regression of the form [26] 
where Qo, Qm and Qf are the actual, model and forecast discharges respectively; i is the number of the current day, τ is the forecast lead-time. In the Russian practice of operational monitoring for the short-term forecasting effectiveness, a criterion in the form of the ratio of the forecast mean square error S to the mean square deviation of river discharge during the lead-time period σ ∆ is used [27] 
where n is the duration of the period at which the forecast is evaluated. The S/σ ∆ ratio values less than 0.8 show satisfactory quality of the forecast while the values less than 0.5 show good quality. Table 1 presents the forecast performance results assessment for two years-1989 and 2013-that were selected as the most extreme events observed. The values of S/σ ∆ (see Table 1 ) show the satisfactory quality of the forecast without correction of the 2-3-day lead time for most hydrological stations including the outlet station of the basin. The correction procedure, in most cases, significantly improved the quality of forecasting and allowed for satisfactory forecasting methods for almost all forecast points and lead times (as seen in Figure 5 ). We emphasize that the forecasts were issued simultaneously for multiple gaging stations within a unified spatially-distributed modeling framework. The model calibration was also carried out within the unified framework by using the data from multiple gauging stations and weight-average convergence measurements. Table 1 . Estimates of the quality of short-term forecasts of flow S/σ ∆ in forecasting points *. We also emphasize that the WRF-based hydrological forecast's quality is quite comparable to the quality of the "perfect" hydrological forecast (based on the precipitation grades forecasts described above). Regardless of significant errors in precipitation amounts at station locations that are common to the WRF model, the mentioned forecast's quality is achieved by the dense WRF model grid coverage as compared to the scarce weather station network. 
Short-Term Forecasts Verification for Extreme Rain Flood Events
Conclusions
The article presents the technical solution that combines information resources, technologies and software components to create the automated system for the Ussuri River streamflow forecast based on the use of modern information infrastructure, physically-based hydrological modeling and standards of inter-model and cross-platform integration.
Both the operability of individual components and technology, as well as the possible short-term forecast of rainfall floods in a medium-sized river basin within the monsoon climate zone were tested. The estimates obtained on the limited data of preliminary hydrological monitoring and forecast system tests gave a satisfactory reproduction of the complex space-time structure of the runoff generation during extreme rainfall floods. This also offered opportunities for forecasting ungauged points as well.
The technologies used can solve the task of developing the operational streamflow forecast for the Ussuri River in an automated mode. The use of modern standards in the field of data transfer and storage software allows the creation of multi-level integration schemes of any complexity, using any (open and commercial) models on the ASHM platform. This can lead to the production of data pre-and post-processing stacks at minimum costs of the back-code writing. This approach has a high degree of reliability, scalability and cost-effectiveness while preserving the freedom to choose the software implementation media.
